We examine a three-dimensional (3-D) numerical magnetohydrodynamic (MHD) simulation describing a very fast interplanetary coronal mass ejection (ICME) propagating from the solar corona to 1 AU. In conjunction with its high speed, the ICME evolves in ways that give it a unique appearance at 1 AU that does not resemble a typical ICME. First, as the ICME decelerates far from the Sun in the solar wind, filament material at the back of the flux rope pushes its way forward through the flux rope. Second, diverging nonradial flows in front of the filament transport poloidal flux of the rope to the sides of the ICME. Third, the magnetic flux rope reconnects with the interplanetary magnetic field (IMF). As a consequence of these processes, the flux rope partially unravels and appears to evolve to an entirely unbalanced configuration. At the same time, filament material at the base of the flux rope moves forward and comes in direct contact with the shocked plasma in the CME sheath. We find evidence that such remarkable behavior has actually occurred when we examine a very fast CME that erupted from the Sun on 2005 January 20. In situ observations of this event near 1 AU show very dense cold material impacting the Earth following immediately behind the CME sheath. Charge state analysis shows this dense plasma is filament material. Consistent with the simulation, we find the poloidal flux (B z ) to be entirely unbalanced, giving the appearance that the flux rope has eroded. The dense solar filament material and unbalanced positive IMF B z produced a number of anomalous features in a moderate magnetic storm already underway, which are described in a companion paper by Kozyra et al. (2014) .
Introduction
Coronal mass ejections (CMEs) are large-scale expulsions of plasma and magnetic flux from the solar corona into the heliosphere. The ejected magnetic field is believed for many reasons to have the topology of a flux rope, which forms in a filament channel either prior to or during the CME eruption [Low, 2001] . A filament channel is characterized by photospheric magnetic fields that reverse radial direction at a well-defined polarity inversion line (PIL), while the horizontal field runs nearly parallel to the PIL. Here is where filaments form as cold dense concentrations of plasma suspended in the corona at chromospheric temperatures with densities 100 times greater than the surrounding corona. Filaments are found embedded in low density cavities, which are themselves surrounded by the dense plasma of the streamer belt. As a CME erupts, a flux rope is expelled from the corona with much of the three-part structure intact [Hundhausen, 1993; Gibson and Low, 1998 ]. The bright core composed of filament material is found at the back (sunward side) of the flux rope, the plasma cavity is at the front of the rope, while the dense plasma of the surrounding streamer leads the flux rope.
The ejected material from CMEs is routinely observed at 1 AU where plasma properties and magnetic field are measured in situ. Here the interplanetary CME (ICME) is often in the configuration of a magnetic cloud, which is characterized by high field strengths and smooth field rotations indicative of a magnetic flux rope [Burlaga et al., 1981 [Burlaga et al., , 1982 [Burlaga et al., , 1987 . Careful examination may allow this interplanetary flux rope to be directly connected to the rope ejected from the corona [Démoulin, 2008] . However, connecting the components of the CME three-part density structure to in situ counterparts is often not possible. While a pileup of plasma is commonly found ahead of the flux rope, signatures of a cavity within the flux rope are not as clear. ICME expansion tends to produce densities (and kinetic temperatures) lower than that of the surrounding solar wind, but there are often density fluctuations within the cloud that attain or exceed the ambient value [Burlaga et al., 1981 [Burlaga et al., , 1982 , which may obscure the signatures of the cavity.
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The core/filament material can best be identified in situ by ion charge states, which offer a key to distinguishing different structures within a CME that are determined by the ionization environment before the eruption. Heavy ion charge states such as He + , C 2−3+ , O 2−4+ , and Fe 4−6+ are the dominant constituents of CME filament material as shown by observations made with SOHO/UVCS (Ultraviolet Coronagraph Spectrometer) [see Lee and Raymond, 2012, and references therein] . In the absence of heating, these ionization states become frozen into the solar wind as the density decreases and collisions become negligible by 4 R s [Hundhausen et al., 1968; Ko et al., 1999] . Hence, the presence of cold filament material may be clearly distinguished by its frozen-in ionization states in interplanetary space [Schwenn et al., 1980; Burlaga et al., 1998; Skoug et al., 1999; Yao et al., 2010; Sharma and Srivastava, 2012 ].
An example of in situ identification of low charge state filament material is presented by Gopalswamy et al. [1998] who examined the 7-11 February 1997 CME/ICME event. They noted dense filament material in SOHO/LASCO (Large Angle and Spectrometric Coronagraph) C2 coronagraph images lagging behind the front of the CME, and corresponding cold dense filament material was found at the back of a magnetic cloud found by Wind to be populated with relatively high abundances of Fe 5+ and Fe 6+ . However, such convincing in situ charge state evidence of filament material has been rarely found. A review of 10 years of data from (Solar Wind Ion Composition Spectrometer) SWICS/ACE [Lepri and Zurbuchen, 2010] found only 11 events (4% of those surveyed) with low ionization charge states that were indicative of filament material. This apparent conflict may have been resolved by Lee and Raymond [2012] who found that low-ionization filament material (as observed by UVCS) covers only a few percent of the total area of CMEs, which is consistent with the low rate of in situ detection.
As an ICME propagates through the heliosphere, there are many complex ways in which it can interact with the solar wind that may deform and disguise the flux rope ejected from the Sun. As the solar wind approaches a constant radial velocity, the aspect ratio of the ICME flux rope will increase [Riley et al., 2004] , while the bimodal wind tends to bend the flux rope into an outward-concave shape [Riley et al., 2004; Manchester et al., 2004b] . Fast moving CMEs will drive shocks and accrete plasma from the solar wind [Manchester et al., 2004a; Lugaz et al., 2005] . While the flux rope may maintain its overall structure to 1 AU, it may also reconnect with the interplanetary magnetic field (IMF), which will erode the flux rope and produce an imbalance in the poloidal flux (the twist component of the rope's field, which will be the z component assuming the axis of the rope is near the Earth's orbital plane). Examples of flux rope erosion include the 21 January 2005 ICME, which has a large imbalance in B z that has been attributed to magnetic reconnection by Dasso et al. [2006] . Similarly, Ruffenach et al. [2012] and Lavraud et al. [2014] closely examined several CME events and found evidence (including reconnection jets) that magnetic reconnection occurred on the front side of the flux rope leading to its erosion. Magnetic clouds were studied with many spacecraft including STEREO A, B, ACE, Wind, and Time History of Events and Macroscale Interactions during Substorms.
In this paper, we consider how the density structure of an ICME, specifically the filament material, may evolve to affect the magnetic field in a way that would suggest that significant reconnection has occurred. We begin by examining the simulation of Manchester et al. [2006] , which modeled the CME component of the Carrington Event. This severe space weather event encompasses a sequence of phenomena that began with a white-light flare observed on 1 September 1859 that was subsequently followed by a severe geomagnetic storm 17 h and 40 min later. The CME simulation we consider was designed to attain this short Sun-to-Earth transit time and provide a model of the conditions at Earth that were taken as input for a magnetospheric simulation of the resulting geomagnetic storm . While not the original subject of paper, the simulation provides us an opportunity to examine how an extremely fast ICME may evolve from Sun to Earth. The model CME is driven by a three-dimensional magnetic flux rope imbedded with a canonical three-part density structure. With an initial speed of approximately 4000 km/s, the CME undergoes strong deceleration as it propagates in the solar wind, which is consistent with observations [Jones et al., 2007] . We will show that momentum of the dense filament material leads to its forward movement through the decelerating flux rope, which in turn drives flows that displace the poloidal field leading to a localized region of unbalanced flux at the nose of the rope. Such flux imbalances have previously been interpreted to be the result of magnetic reconnection [Dasso et al., 2006] .
In relationship to this model, we examine the 20 January 2005 CME that erupted from the Sun at very high speed (≈ 3000 km/s). The extreme speed of this CME is similar to the Carrington Event and provides the
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basis for comparison with the simulation of Manchester et al. [2006] . In the case of the 20 January 2005 CME, the associated ICME arrived at Earth with a number of very unusual features. First, the fact that the ICME magnetic field is highly imbalanced suggests that it may have undergone extensive reconnection with the IMF [Dasso et al., 2006] . Second, very dense plasma in the ICME was in an unexpected location, being found immediately following the sheath rather than being at the sunward side of the ICME ejecta as expected from the CME's observed three-part structure. These two specific features are consistent with the simulation of Manchester et al. [2006] , and the physical processes by which the forward movement of filament material within the ejecta displaces the poloidal field resulting in unbalanced flux.
The geomagnetic storm that resulted on 21 and 22 January is also anomalous. It was moderate by measure of minimum Dst but in other ways behaved more like a superstorm. A brief equatorial super-fountain and strong ion-atom aurora appeared. Until now, both have been observed almost exclusively during superstorms [cf., Basu et al., 2001; Tsurutani et al., 2004; Zhang et al., 2006] . The filament material was captured into the magnetosphere to form a cold dense plasma sheet (CDPS) with associated magnetotail stretching, its high dynamic pressure amplified Joule heating rates in the cusp region, and the CDPS (formed of captured filament material) acted as a high-density plasma source to intensify the ring current during northward IMF conditions. A rich variety of geospace phenomena, linked to the presence of the solar filament material, are described in an overview paper [Kozyra et al., 2013] and the companion paper [Kozyra et al., 2014] , which provides more details of the event.
The organization of the paper is as follows: We first give a brief summary of the model of Manchester et al. [2006] in sections 2 and 3. In section 4, we completely reevaluate the simulation with a focus on the evolution of the ICME magnetic field and the filament material, and in section 5, we compare the model to the 20 January 2005 event. Finally, in section 6, we summarize our findings and point out the direction for future work.
Governing Equations of the MHD Model
The numerical simulation of Manchester et al. [2006] describes the corona and heliosphere as a magnetized fluid that behaves thermodynamically as an ideal gas with a polytropic index, = 5∕3. The plasma fluid is assumed to have infinite electrical conductivity such that flux is conserved to the limits of numerical diffusion. Sun-centered gravitational forces on the plasma are included, and prescribed volumetric heating of the plasma provides the necessary thermal pressure to drive the solar wind. With these assumptions, the system is described by the ideal MHD equations, which are solved in the following conservative form:
where is the plasma mass density, u the plasma velocity, B the magnetic field, and p is the plasma pressure (sum of the electron and ion pressures). The volumetric heating term, Q, parameterizes the effects of coronal heating as well as heat conduction and radiation transfer [see Groth et al., 2000] . The gravitational acceleration is defined as g = −g(r∕r)(R s ∕r) 2 where R s is the solar radius and g is the gravitational acceleration at the solar surface. The total energy density, , is given by
where gravity is omitted from the total since it is treated as a momentum source term.
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©2014. American Geophysical Union. All Rights Reserved. This system of eight equations describes the transport of mass, momentum, and energy coupled to the magnetic field by the induction equation under the assumption of infinite electrical conductivity. These equations are solved in dimensionless form with the block-adaptive tree solar wind Roe-type upwind scheme (BATS-R-US) code [Powell et al., 1999; Groth et al., 2000] . Recently, there have been significant advances in the BATS-R-US solar corona model such that the prescribed volumetric heating has been replaced by physics-based Alfvén wave turbulence [Sokolov et al., 2013; van der Holst et al., 2014] .
Models of the Steady State Solar Wind and CME
Steady State Solar Wind Solution
The steady state model of the corona and solar wind described here was developed by Groth et al. [2000] and was designed to approximately reproduce conditions near solar minimum. Coronal holes with fast wind are at high latitude, while closed magnetic fields forming a streamer belt are at low latitudes. Slow wind develops at low latitude as a result of flux tube overexpansion. A current sheet forms at the tip of the streamer belt and separates opposite-directed magnetic flux originating from the two poles. Solar rotation is included since the domain extends to more than 300 solar radii at which distance the azimuthal component of the Parker [1963] spiral is significant.
The simulation is performed in the inertial frame with the magnetic axis aligned with the z axis. The intrinsic magnetic field has dipole and octupole moments aligned with the z axis with a maximum field strength of 8.4 Gauss at the poles. The temperature in the model is the plasma total temperature combining electrons and protons, which in general should be taken to be twice that of the actual temperature of either particle species. This total temperature is taken to be 2.85 × 10 6 K with a plasma density of = 2.5 × 10 −16 g cm
at the base of the corona. Thermal pressure drives the wind outward at supersonic speeds, and in doing so, forms the solar wind [Parker, 1963] . Model specifics including parameters that determine the density and temperature of the solar wind and boundary conditions are found in Manchester et al. [2006] . Figure 1a shows the velocity magnitude, |U|, of the wind, while the magnetic field is represented by white lines. At high latitude, the magnetic field is carried out with the fast solar wind to achieve an open configuration. Closer to the equator, the slow wind forms with a speed between 300 and 400 km/s. Figure 1b shows a color image of mass density with magnetic lines shown in white in the form of the Parker spiral.
Gibson-Low Flux Rope
The CME is initiated within this coronal model by superimposing a 3-D Gibson-Low magnetic flux rope [Gibson and Low, 1998 ] in the streamer belt in an initial state of force imbalance as was first described in Manchester et al. [2004a Manchester et al. [ , 2004b . This flux rope is mathematically derived by applying a stretching transformation r → r − a to an axisymmetric, spherical ball of twisted magnetic flux and its contained plasma. This MANCHESTER ET AL.
©2014. American Geophysical Union. All Rights Reserved. mathematical procedure distorts the spherical magnetic flux rope into a tear-drop shape, producing Lorentz forces that require both the pressure and weight of plasma in a 1∕r 2 gravitational field to be in static equilibrium. The density structure of the model possesses a low-density cavity embedded with a dense core at the base of the flux rope that serves to model a filament. For the given field strengths, the corona is unable to provide the required pressure for equilibrium, thus leaving the flux rope in a state of force imbalance that drives the eruption.
The flux rope and contained plasma are linearly superimposed upon the existing corona so that the mass and magnetic field of the flux rope are added directly to the corona. Figure 2 shows the corona containing the Gibson-Low (GL) flux rope. Figures 2a and 2b provide color images of the mass density and temperature, respectively. Here a cold high-density core is found at the base of the flux rope for which the upper extremity is filled with a hot low-density plasma. The core material is roughly 100 times denser and 100 times cooler than the surrounding corona [Hundhausen, 1993; Karpen and Antiochos, 2008] , thus reproducing the thermodynamic properties of a filament. However, it is important to note that this model filament fills a large volume of space and is not highly structured and filamentary as is observed. In total, 2.0 × 10 17 grams of dense plasma is added to the corona within the GL flux rope, which is an order of magnitude greater than that observed in filaments. Figure 2c shows a color image of the magnetic field strength, which is approximately 30-50 Gauss. In all panels, the direction of the field is confined to the x-z plane and is illustrated with white lines.
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Figure 3. Structure of the CME on the central meridional plane at time 22.5 min after initiation. Panels show the (a) plasma density, (b) temperature, (c) magnetic field strength, and (d) plasma beta. The plasma density shows expanded three-part structure (helmet, cavity, and core) found in the initial state, while the temperature shows significant elevation of the initial state. The field strength/beta remains high/low compared to the surrounding corona.
Examination of CME Simulation
The CME Morphology and Propagation
In this section, we reexamine the simulation of Manchester et al. [2006] , which was designed to match the travel time of the Carrington Event of 1859. Upon initiation at t = 0.0, the flux rope rapidly accelerates to speeds of approximately 4000 km/s, giving the CME a kinetic energy of 8.0 × 10 33 ergs, which again is extreme: an order of magnitude more than that of a typical fast event. The structure of the flux rope close to the Sun (at time t = 22.5 min) is shown in Figure 3 . Here Figures 3a-3d show the proton density, temperature, magnetic field strength, and plasma beta, which appear in the same order as those shown in Figure 2 . . ICME velocity as a function of distance from the Sun. The CME show rapid deceleration near the Sun, then nearly constant speed beyond 50 R s .
Comparison between the initial state and the CME in Figure 3 reveals nearly self-similar evolution as the features of the flux rope appear in roughly equal proportion. Some exceptions to self-similarity are seen in the filament, which shows poleward expansions. While the filament is still cooler than the surrounding flux rope, its temperature has increased significantly as a result of dissipation of the magnetic energy. The plasma beta has also increased throughout the flux rope. show the velocity magnitude and latitudinal velocity respectively on the meridional plane, while Figure 5d shows the flux rope seen from the north pole. In all panels, the field lines are the same.
The CME velocity (at the nose of the flux rope) is shown as a function of distance in Figure 4 . In the first 50 R s the CME shows a nearly exponential decay in speed, consistent with the empirical relationship discovered by Sheeley et al. [1999] and found in earlier simulations [Manchester et al., 2004a] . Beyond 50 R s , the speed decreases much more slowly, gradually approaching a speed of 1500 km/s. With deceleration, self-similar evolution in spherical geometry breaks down and the aspect ratio of the flux rope begins to increase drastically (pancaking) as can be seen in Figure 5 . Here Figure 5a shows the system 9.2 minutes after initiation where the flux rope field lines are colored to show velocity. Field lines outside of the rope are shaded gray, as is an isosurface of mass density at 1.23 × 10 −24 g cm −3 , which shows the location of the filament material. Figures 5b-5d show the system from two different perspectives 6 h after initiation. Figures 5b and 5c show the system on the central meridional plane, colored to show the velocity magnitude and the latitudinal flows, respectively. The latitudinal flows show a reversal, first moving toward the equator at the shock (a result of the shock indentation as described in Manchester et al. [2005] ) and then moving toward the pole in the sheath. To better understand the evolution of the flux rope, we show its structure on the equatorial plane (x-y) in Figure 6 . Here six panels Figures 6a-6f show, respectively, the mass density, temperature, radial velocity, Figure 6 . Structure of the ICME seen on the equatorial (x-y) plane at 6 h. The sequence of panels show the (a) proton density, (b) log 10 temperature, (c) radial velocity, (d) azimuthal velocity, (e) B z , and (f) B xy . The black line is defined by the contour for B z = 0, indicating the axis of the flux rope. Figures 6a and 6b show dense cold material extending forward to the B z = 0 contour. Figure 6c shows the radial velocity peaked at the dense filament material while Figure 6d shows the diverging azimuthal velocity, which transports poloidal flux away from the nose of the ICME thus weakening B z shown in Figure 6e . On the contrary, compressive radial flows enhance the axial field strength at the nose of the ICME seen in Figure 6f. azimuthal velocity (in the angular direction about the polar axis), poloidal field (B z ), and the toroidal field strength (axial component, B xy ). In each panel, the black line corresponds to the B z = 0 contour, which is the axis of the flux rope. Together, the images illustrate the transport of mass and magnetic flux within the flux rope. Beginning with Figures 6a and 6b , we see cool dense filament material extending to the axis of the flux rope, which is in contrast to the hot plasma in the leading part of the ICME and the sheath. Figure 6c shows the filament material moving forward through the flux rope with the highest radial velocity in the ICME. The azimuthal velocity shown in Figure 6d exhibits flows diverging from the nose of the ICME outside of the flux rope axis. These flows distort the magnetic flux rope as shown in Figures 6e and 6f . Figure 6e shows that positive B z flux has been transported away from the nose of the flux rope, leaving only a thin weak layer, while at the same location Figure 6f shows that the toroidal flux has been intensified by the compressive radial flows. Note that the azimuthal flows are effectively blocked by the rope's toroidal field so that the poloidal flux (negative B z ) on the sunward side of the rope remains intact.
To better understand the structure of the ICME as it relates to the flow patterns shown in Figure 6 , we examine the flux rope, filament, and flows in fully three dimensions as shown in Figure 7 . Here magnetic field lines are colored to illustrate their topology: red lines are those of the flux rope still connected to the Sun on both ends, white lines are those of the flux rope that have reconnected with the interplanetary magnetic field (IMF), and purple lines are those belonging to the open flux of the solar wind. An isosurface of mass density (translucent white) shows the filament material. Figure 7a shows the azimuthal flow on the equatorial plane along with the contour for B z = 0, which shows the axis of the flux rope. Figure 7b shows the magnitude of B z on the equatorial plane and the plasma entropy on the meridional plane (x-z). Together, these images show the filament material moving to the nose of the flux rope, all the way to its axis as can also be seen in Figure 6a . On the far side of the axis, azimuthal flows carry the poloidal flux away from the nose of the flux rope leaving only a very thin layer of positive B z . The plot of plasma entropy clearly distinguishes the shocked plasma from the low entropy of the ICME filament material. At the nose of the ICME, we find the filament material is nearly in contact with the shocked plasma of the ICME.
The simulation shows two significant processes affecting the magnetic field of the ICME flux rope: magnetic erosion by reconnection and flux transport by azimuthal flows. Reconnection occurs over a significant area of the rope, both front and rear, while azimuthal flows are found to remove poloidal flux primarily at the nose of the flux rope. To quantify the relative importance of these two effects at the heliospheric equator, we calculate the total unsigned B z flux on the equatorial plane integrating on a subregion of the domain extending from −48 R s < x < 192 R s and −120 R s < y < 120 R s , and we plot the flux as a function of time in Figure 8a . We find a large rapid drop in flux during the first hour of the CME when the flux drops 14% from an initial value of 1.4 × 10 23 Mx. After this fast drop, there is minor rebound followed by a much slower decay in which the system loses only an additional 7% of B z flux, which falls to a value of 1.12 × 10 23 Mx. This rather modest loss of flux is the result of reconnection between the flux rope and the IMF that opens the poloidal flux, removing it from the equatorial plane. In stark contrast, Figure 8b gives a plot of B z as a function of radius (along the x axis) 6 h after initiation. This plot shows that the imbalance of B z at the nose of the flux rope is much greater than would be expected from reconnection alone. While nearly 80% of the original poloidal flux is intact, at the nose of the flux rope there is more than 10 times as much negative flux 10.1002/2014JA019882 Figure 8 . ICME poloidal flux (B z ) as a function of time and space. (a) The total unsigned B z flux is integrated on the equatorial (x-y) plane and shown as a function of time. The flux rapidly decreases during the first hour after the CME initiation, which is followed by a much lower decay rate as the CME propagates to 1 AU. (b) A line plot of B z along the x axis at time t = 6 h. Note the tremendous asymmetry of the poloidal flux.
as positive. This large imbalance is due to the advection of poloidal flux by strong azimuthal flows driven by the penetration of the dense filament material.
Comparison With the 21 January 2005 ICME
The question we now address is whether there are any observed CMEs/ICMEs that share basic features of this simulation, suggesting that the previously unrecognized processes of mass and flux transport shown here are indeed relevant to ICMEs under certain circumstances. We find such a CME in one of the most energetic eruptions of solar cycle 23. On 20 January 2005 just before 07:00 UT, the Sun produced an enormous outburst of energy with near record levels of emission across the electromagnetic and particle spectrum [Grechnev et al., 2008] , including an X7.1 class flare, and the second largest ground-level-enhancement (GLE) of cosmic rays ever recorded. This outburst was accompanied by one of the fastest CMEs ever observed, estimated by Gopalswamy et al. [2005] to have reached a maximum (plane-of-sky) speed of nearly 3000 km/s. This speed was confirmed by interplanetary scintillation (IPS) measurements [Pohjollainen et al., 2007] , which showed the CME decelerated from 2500 km/s at 50 R s from the Sun to ≈ 1000 km/s at 1 AU. In addition to being very fast, this CME is similar to the simulation in having a three-part structure of cavity, core, and bright loop. At 17:11!UT on the following day, the subsequent ICME arrived at Earth with a speed of 1000 km/s, traveling from the Sun in just 34 h. As will be shown in detail, the ICME shares three unusual features with the simulation: First, the ICME contained a large amount of filament material. Second, this dense plasma was found directly behind the sheath, rather than at the back of the ejecta. Third, the poloidal magnetic field (B z ) within the ICME ejecta was almost entirely of a single polarity.
Observations of the January 21 ICME by the ACE and Wind spacecraft are shown in Figure 9. Figures 9a, 9b , and 9c show the proton speed, density, and temperature, respectively. Figures 9d and 9e show the total magnitude and the z component of the magnetic field, respectively. Figures 9f and 9g show the suprathermal electron pitch angle distribution and the helium + to helium 2+ abundance ratio, respectively. Within these plots, there are two obvious discontinuities, the shock and the tangential discontinuity (TD), which separates the ejecta from shocked solar wind plasma. These transitions are marked with (S) and (D), respectively. At the shock, the proton speed increases from 550 km/s to 900 km/s, proton density and temperatures increase by a factor of 4 and 10, respectively, and then remain relatively constant until reaching the TD. This region between the shock and the TD is the sheath, which is numbered 1 at the top of Figure 9a . The CME ejecta and relaxation region are numbered 2 and 3 respectively.
Passing through the TD, we enter the ICME ejecta and encounter the most significant similarity with the simulation. Often the ejecta has the form of a magnetic cloud where the proton density and temperatures decrease and field strengths increase and make a smooth rotation, suggesting the form of a flux rope. However, this event instead follows the pattern shown in the numerical model where the proton density undergoes a large increase at the TD and in the event increases by a factor of 3 to 40 cm −3 . At the same time, the temperature drops indicating that the high density is not the result of an adiabatic compression. We note too that the B z polarity of the ICME ejecta is almost entirely positive. Relating these observations to the model, we come to the conclusion that the flux imbalance is the result of the azimuthal transport of poloidal flux, rather than the result of magnetic reconnection. The presence of counterstreaming electrons in the data suggest that the unipolar flux remains closed rather than being opened to the solar wind by magnetic reconnection.
As previously noted, elevated levels of low-charge-state ions are a strong indicator of filament material in the solar wind. In the 21-22 January 2005 event, we find that the He + /He 2+ ratio increases by almost an order of magnitude in passing from the shock to the front of the magnetic ejecta, which suggests that filament material has come in direct contact with the TD. Here the He + /He 2+ ratio was determined from ACE/SWICS data by application of triple coincidence criteria for detection, namely, a combination of time-of-flight, energy/charge, and total energy [Gloeckler et al., 1998; von Steiger et al., 2000] . The combination of criteria greatly increase the confidence in the He + detection by eliminating the possibility of stray ions polluting the signal. However, the absolute level of He + remains somewhat uncertain because the kinetic energy of He + in this event lies in close proximity to the instrument detection threshold, implying that some of the signal may be lost. The He + levels shown should thus be regarded as a conservative lower minimum to the actual amount present in this event.
The filament material measured by Wind in the 11 February 1997 ICME [Gopalswamy et al., 1998 ] has characteristics very similar to the filament material identified in the 21 January 2005 ICME. First, in both events, the filament proton density is high and peaks at 40 cm −3 . Second, in both events the filament proton temperature is low, which is particularly true of the 1997 event where the proton thermal velocity of only 20 km/s (16,000 K). Third, in both cases the filament material has elevated levels of low-charge state ions. The main difference between these two events is that the 1997 event is of moderate speed. When the front of the CME (at 25 R s ) is moving at 750 km/s, the filament material is moving at only 390 km/s. At this same time, the front of the CME is still accelerating at ≈ 17 m s −2 , while the filament material accelerates at only ≈ 4 m s −2 , so it is destined to remain at the back of the magnetic cloud where it was found by Wind instruments. This MANCHESTER ET AL.
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For a more detailed comparison, we reexamine the structure of the model ICME now at 1 AU as shown in the right-hand side of the Figure 9 . Here Figure 9h shows plasma properties plotted as a function of distance along the x axis with the proton speed, density, and temperature shown in blue, green, and red, respectively, and the z component of the magnetic field is plotted in purple.
The same three regions of the observed ICME, the sheath, ejecta, and the relaxation zone are numbered 1, 2, and 3, respectively. A fourth region, the reconnection zone is numbered 4. Figure 9i provides a color plot of the plasma entropy on the meridional plane. Examining the plots in Figure 9h , we first note the presence of a stronger shock where the velocity increases from 370 km/s to 1350 km/s. In the sheath, the temperature, density, and magnetic field strength remain nearly constant, and the velocity only increases moderately, similar to the observed event. At r = 260 R s , we encounter the TD marking the boundary between the sheath and the ICME ejecta. Here we enter the filament material where the temperature drops, the density increases by a factor of five, and the magnetic field strength increases abruptly as B z approaches a value of −200 nT, remaining unipolar in B z through the ejecta.
The model ICME resembles several distinct features of the ICME observed on 21 January, yet there is an important distinction that needs to be examined. The effacing of poloidal flux (+B z ) and filament material in contact with the sheath are found only at the nose of the ICME, while the 20 January CME occurred far from disk center, implying that only the flank of the ICME encountered the Earth. So how then could the basic transport processes found in the model apply? A possible answer may be found in the tomographic 3-D reconstructions of plasma density for the 21 January ICME made with data from the Solar Mass Ejection Imager (SMEI) as shown in Figure 10 [ Jackson et al., 2010] . Here we see color contours showing the proton density on the ecliptic plane at time 18 UT on 21 January. The density is normalized to 1 AU to remove the r −2 fall off, and the location of the Earth on its orbit is marked with a small circle containing a cross. The density structure shows a discontinuous front with two regions of enhancement, with the margin of one seen impacting the Earth. While the CME was far from disk center, it produced a dense localized disturbance that impacted the Earth, which in situ observations show to be highest in density immediately behind the sheath. Thus, the structure has a localized region of high density impacting the Earth that may be consistent with the numerical model.
Summary and Conclusions
The CME model we examined possesses the common characteristics of the three-part preevent density structure, including a dense helmet streamer threaded by a magnetic flux, which contains a low-density cavity and a high-density core at the base of the rope approximating a coronal filament. The flux rope and the three-part density structure are expelled from the corona as a high speed CME, which initially evolves in Journal of Geophysical Research: Space Physics 10.1002/2014JA019882 a self-similar fashion. As the ICME propagates through the solar wind, it undergoes strong deceleration such that the denser filament material moves to the front of the ICME and comes in direct contact with the sheath material. Strong azimuthal flows develop in front of the protruding filament material and transport poloidal flux away from the nose of the ICME producing a large imbalance in B z , giving the appearance of flux rope erosion by magnetic reconnection while in fact the majority of the flux remains intact.
When compared with the CME that erupted from the Sun on 20 January 2005 and passed the Earth the following day, we find several significant similarities. First, the 20 January CME was a very fast CME with a high initial speed of ≈ 3000 km/s that underwent strong deceleration and arrived at Earth traveling nearly 1000 km/s. Very dense plasma was found at the CME front, adjacent to the sheath, where one would usually expect to find a low-density cloud. The low temperature of the plasma indicates that the density enhancement was not the result of an adiabatic compression, and the helium charge state abundances suggest that the dense plasma is indeed filament material. In this region of the CME ejecta, we find a large imbalance in poloidal flux (B z ), which in other events has been characterized as flux rope erosion due to reconnection between the rope magnetic field and the IMF [Dasso et al., 2006; Ruffenach et al., 2012; Lavraud et al., 2014] . The simulation suggests an alternative mechanism, namely, that this flux imbalance may be partially due to the transport of poloidal flux by azimuthal flows. Such flows may occur when dense material decelerates more slowly than the surrounding ICME such that it begins to protrude forward and comes in contact with the sheath. More evidence in support of this mechanism being at work in the 21 January 2005 ICME is found in the counterstreaming suprathermal electrons, which indicate that the imbalanced magnetic flux is still in a closed configuration and has not yet reconnected with the IMF, just as is found in the model.
In making our comparison with the model, we have interpreted the 21 January data to represent a distorted flux rope for which the axis passes close to the ecliptic and points largely in the longitudinal direction. There are, however, different interpretations of the structure of this ICME. Foullon et al. [2007] concluded that the axis of the rope was located west of the Earth and that it was oriented nearly perpendicular to the ecliptic. Rodriguez et al. [2008] came to yet a different interpretation. They proposed that ACE passed through the leg of the flux rope lying near the ecliptic where the axis was close to the Earth-Sun direction, a notion supported by the origination of the CME from the western limb. While these are both valid interpretations of the 21 January ICME, our interpretation is in line with that of Dasso et al. [2006] who argued that the flux rope axis was located near the equatorial plane and that the B z flux imbalance was due to erosion. Although we propose a different erosion mechanism, namely, sideways flux transport stemming from the protrusion of dense material, it remains that in either case the extreme erosion transforms an originally S-N magnetic cloud into a structure for which almost only the northward B z portion remains. Such a strong alteration of the magnetic structure of the magnetic cloud means that the classical method used (minimum variance analysis (MVA) or flux rope fitting) will be strongly biased, if not simply irrelevant, to determine the actual axis orientation of the initial flux rope. Such was also illustrated in Owens et al. [2012] in the different, yet consistent, context of the impact of various crossing trajectories on the outputs of such methods. We thus argue that the axis of the magnetic cloud under study could initially well be pointing in the ecliptic, but that the application of classic methods after erosion will alter this determination.
In addition, we need to qualify our interpretation of the filament material. Coronal mass ejections have been shown to often exhibit bimodal charge state distribution in heavy ions, with peaks at slow solar wind values along with contributions from hotter flare-related plasma or cooler filament-related plasma simultaneously observed [Gruesbeck et al., 2011] . In this case, the cool contributions are shown by the abundance of He + , which becomes measurable due to the enhancement in density related to the filament material [Lepri and Zurbuchen, 2010] . The lack of signatures in the heavier ions in this event is likely due to the filament material possibly being too cold to be detected by typical analysis methods (e.g., singly charged C + , O + , or lower than Fe 4+ ) or being too low density to be detected. To address this point by way of numerical simulation requires a complete treatment of the thermodynamics of the plasma along with a time-dependent plasma charge state calculation. Such advanced simulations are just beginning to be made [Lynch et al., 2011; Jin et al., 2012] .
The model possesses a number of limitations that should be mentioned. First, the model corona is representative of solar minimum while it is known that January 2005 was during the deep declining phase of the solar cycle with several large active regions present, which would result in a more structured solar wind than the model possesses. Second, the plasma's mass density at 1 AU is too high by a factor of 3, which must be
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offset by the mass and momentum of the CME to achieve the high speed and short transit time. The amount of filament plasma contained within the flux rope is closely linked to the magnetic field strength of the rope, which also determines the speed of the ejecta. In this case, high speed is accompanied by a filament mass that is more than the mass typically observed in CMEs. The model is both idealized and extreme in mass and energy, which cannot match the specific details of the 20 January 2005 CME, but it illustrates basic mass and flux transport processes that may occur to a lesser degree when a fast ICME with concentrated material undergoes strong deceleration in the solar wind. Most importantly, the simulation illustrates that flux imbalances characterized as flux rope erosion in ICMEs may be partially due to transport of poloidal flux by azimuthal flows.
Understanding the processes that transport extremes in solar wind density and pressure to the Earth is important because some of the largest and most damaging space weather events ever observed contained similar intervals of dense solar material. The similarities in the ICMEs that triggered the January 2005 event and the Carrington 1859 magnetic storm Li et al., 2006] , offer intriguing evidence that a solar filament may have played a role in the largest storm in recorded history [cf., Tsurutani et al., 2003] . Unusually dense solar wind was also observed just behind the sheath during the 4-5 August 1972 event [Vaisberg and Zastenker, 1976; DÚston et al., 1977] , caused by one of the fastest CMEs ever observed [Cliver et al., 1990 ], which disrupted a major communications system in the United States [Boteler and van Beek, 1999] . Recently, solar filament material has been identified in ICMEs that produced the 3-5 August 2010 storm and the 20 November 2003 superstorm [Sharma et al., 2013] . The 3-5 August 2010 geomagnetic storm was driven by a massive solar filament eruption on 1 August 2010 involving the entire Earth-facing hemisphere of the Sun [Schrijver and Title, 2011] .
The analysis in Kozyra et al. [2014] , the companion to this paper, demonstrates the potential for a significant solar filament collision to amplify the effects of an ICME on the Earth's space environment through the rapid formation of a massive cold dense plasma sheets (CDPS) in a compressed magnetosphere. But the implications are far-reaching. If the IMF had rotated southward after the formation of the CDPS, the dense material would have been transported earthward providing the source population for an extreme ring current [cf., Thomsen et al., 2003 ] and possibly triggering a superstorm. Other processes that increase the geoeffectiveness of an ICME in the presence of dense solar material are possible.
Both the reconnection rate at the leading edge [cf., Taubenschuss et al., 2010] and the momentum of the filament material increase with the speed of the ICME. The present work implies that the extent of the redistribution of the filament material within the ICME and the flux rope erosion should both be a function of its speed, adding new information to address why significant solar filament material makes it to Earth in cases like the 21 January 2005 event and not others. Though rare, the understanding and prediction of these extreme events are of intense interest because disastrous economic and societal impacts (most notably the loss of services from Earth-orbiting satellites, and the disruption of power grids on a global scale) are anticipated should a 100 year storm occur in modern times. W. Manchester was supported by NASA grants NNX13AG25G, NNX11AO60G, and NSF grant AGS 1322543, and J. Kozyra was supported by NASA grants NNX10AQ34G, NNX11AO60G, and NSF grant ATM 0903596. The simulation data presented in this paper are available on the web at http://herot.engin.umich.edu/ ∼chipm/files/Carrington/.
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